Results of a feasibility study to apply laser Rayleigh scattering to non-intrusively measure flow properties in a small supersonic wind tunnel are presented. The technique uses an injection seeded, frequency doubled Nd:YAG laser tuned to an absorption band of iodine. The molecular Rayleigh scattered light is filtered with an iodine cell to block light at the laser frequency. The Doppler-shifted Rayleigh scattered light that passes through the iodine cell is analyzed with a planar mirror FabryPerot interferometer used in a static imaging mode. An intensified CCD camera is used to record the images. The images are analyzed at several subregions, where the flow velocity is determined. Each image is obtained with a single laser pulse, giving instantaneous measurements.
The Rayleigh scattering diagnostic described here is based on some of our previous Rayleigh scattering applications where a planar mirror FabryPerot interferometer was used in a static imaging mode (rather than a scanning mode) for one dimensional and planar temperature2'3 and velocity measurements4 in a free jet. We also made some previous measurements5 in the tunnel used in the present study where the beam was introduced into the plenum and directed downstream through the test section. That arrangement, however, required removal ofthe flow conditioning at the nozzle entrance, which degraded the flow quality. In the present work, the laser beam is introduced into the tunnel near the second throat and is directed upstream through the test section. This arrangement permits use ofthe flow conditioners. However, a large amount of stray unshifted laser light is introduced into the field ofview ofthe receiving optics. The Fabry-Perot does not have sufficient selectivity to reject this stray light while passing the Doppler-shifted Rayleigh scattered light. To overcome this problem, we added an iodine vapor absorption cell to prefilter the light reaching the Fabry-Perot. The collected light passes through the iodine cell, which blocks light at the laser frequency, and then is imaged through the Fabry-Perot interferometer onto an intensified CCD array detector. An important feature of the work presented here is that a single laser pulse is used to obtain measurements at number oflocalized regions in the flow, thus giving instantaneous measurements. Iflaser sheet illumination is used, measurements can be obtained at up to several hundred locations in one image4, where the regions are located on the Fabry-Perot circular interference fringes. In the present work, however, the laser beam was focused to a line to achieve a higher single4o-noise with the single pulse, so measurements were obtained at only a small number of regions.
The use of the iodine absorption cell requires that the frequency of the injection seeded Nd:YAG laser be known for each measurement. The approach used here is to use a CCD camera to simultaneously record the Fabry-Perot fringe patterns of both unshifted YAG light and light from a frequency stabilized heliumneon laser, as well as the light collected from the tunnel which passes through the iodine cell. Analysis ofthe fringe patterns gives the frequency ofthe single YAG pulse.
The results presented here were obtained in a recently modernized small subsonic/transonic/supersonic wind tunnel (SWT) having shock shape position control. The 3.81 in. by 10 in. (0.0968 m by 0.254 m) tunnel is a platform for evaluation testing intrusive and nonintrusive instrumentation systems and components on a continuing basis6'7'8. For this study, the tunnel was equipped with a Mach 2 nozzle. This SWT has many ofthe features ofthe larger tunnels at Lewis Research Center to adjust the boundary layers and thereby alter the normal shock trains and/or oblique shocks9. Shadowgraph flow visualization patterns were obtained at the the same flow conditions as for the Rayleigh measurements, although not on the same day.
The present effort is part ofthe non-intrusive instrumentation research and development program supporting supersonic and hypersonic propulsion research at Lewis. Optical techniques are under development to measure shock position for freestream flight Mach numbers of 1.5 to 4.5 or higher. Conventional wall static pressure taps are not expected to provide an accurate indication ofshock position within a high speed inlet, partially due to the severe boundary layer problems expected during the operation of such an inlet. Large boundary layers in these inlets cause shock trains without well defined normal shock boundaries'0. Oblique (reflective) shocks may also be present, further complicating the flow field.
The preliminary results presented in this paper demonstrate the feasibility ofusing Rayleigh scattering in high speed confmed flows. The experimental results are limited to relatively low tunnel massflows because ofvarious factors associated with flow induced vibrations in the optical system. The disruptive effects ofthe intrusive instrumentation probes are obvious inthe Mach2 flow.
THEORY

Molecular Rayleigh scaftering
For a measurement volume illuminated by a laser pulse of energy E0 and wavelength A., the number ofdetected photons collected by an optical system with solid collection angle is ( fig. 1) sEnL?(da'\ . 2 NR°h c (jjj)srn x (1) where is the overall collection efficiency (including the detector quantum efficiency), n the gas number density, L the length along the beam ofthe scattering volume, h Planck's constant, c the velocity oflight, dc/d .2 the differential scattering cross section, and the angle between the electric field vector ofthe (linearly polarized) incident light and the direction of the scattered light. For example, about 500 photons are collected by an ff8 optical system from a 1 mm volume of nitrogen at NiP irradiated by a I mJ, 532 nm laser pulse.
The shape ofthe Rayleigh scattering spectrum is determined by the gas density and the optical configuration and is characterized by the nondimensional parameter y = p/iKa, where p is the gas pressure, r is the shear viscosity, K (4ic/?.)sin(9J2) is the magnitude ofthe interaction wave vector K k-k., (with k, and k,, being the wave vectors of the incident and scattered light), 8 is the scattering angle, and a = (2KT/m)"2 is the most probable molecular speed (with K being Boltzmann's constant, m the molecular mass, T the gas temperature).
For low density gases and/or small scattering angles where y<<l, the normalized spectrum ofthe Rayleigh scattered light is given by the Gaussian
JaK [ aK whereh is the laser frequency and u is the mean gas velocity. Note that the spectral peak is shifted by a frequency proportional to the component ofthe bulk velocity in the K direction. And the spectral width is proportional to the square root ofthe gas temperature.
For higher density gases (where the molecular mean free path becomes comparable to or smaller than the scattering interaction wavelength 2it/K), the spectrum is no longer Gaussian in shape. Fory >> 1 (high density gases), the scattering spectrum is strongly influenced by collective effects and is characterized by a central peak and two sidebands. The sidebands can be thought ofas being caused by scattering from thermally excited acoustic waves. A continuum theory" can be used to model the spectrum here. The spectrum in the transition regime, where y 1, requires a more detailed kinetic theory. We used the Tenti S6 model'2 for this work.
As shown by equations 1 and 2, the Rayleigh scattered light collected from one vantage point contains sufficient information to determine the gas density, temperature, and one component ofthe bulk velocity. (Spectra measured at other K directions would give other velocity components.) Density is proportional to the total Rayleigh scattering as given by equation 1. This generally requires a calibration to determine the proportionality constant. (Although it is also possible to determine the density from the spectral shape for a limited range ofy parameters values'3.) Since typical molecular speeds are on the order ofthe speed ofsound, the linewidth ofthe Rayleigh line is about 1 GHz for air and 900 scattering.
Spectral measurement methids
Absorption filters
Iodine vapor is the most commonly used filter medium because it has suitable absorption lines for both the 514.5 nm argonion laser and the 532 am line ofthe frequency-doubled Nd:YAG laser. Absorption filters are used in several techniques. One is to use a relatively slow cutoff edge of an absorption line, achieved using an optically thin filter (as in the Doppler Global Velocimeter'3 ), or by pressure broadening the line by adding nitrogen to the absorption cell'4. In this case, the filter acts as a frequency discriminator, where the transmitted light intensity is proportional to the frequency ofthe incident light. This technique is generally used with seeded flows, achieved with artificial seeding or by using condensation formed in highly expanded flows.
The second technique is to use the very sharp transition between high absorption and transmission achieved with an optically thick filter, which can be used to block light at the laser frequency while passing light that is frequency shifted out of the absorption band. This Filtered Rayleigh Scattering technique'5 was developed to measure density, temperature, and velocity over a planar region. However, frequency scanning ofthe laser is generally needed to obtain temperature and velocity measurements, and thus the measurements are not instantaneous.
Another scheme, capable of instantaneous measurements, is the Angularly Resolved Filtered Rayleigh scattering technique'6, which utilizes the variation of the scattering spectrum with the K vector over the collection aperture. Although initially developed for point measurements, it can be extended to line measurements by using sheet illumination. A requirement in all the absorption filter techniques is accurate control of the laser frequency relative to the absorption line.
Fabry-Perot interferometers
The Fabry-Perot interferometer (as shown in fig. 2 ) consists of two partially transmitting planar mirrors. Multiple reflections between the mirrors result in a transmission function (defmed as the fraction of light transmitted by Fabry-Perot for a monochromatic source) given by '7 IFP(f9 ) = [i + Fsin2(2 ft cosO, )]' (3) Here,f=c/X0 is the optical frequency, .t is the refractive index of the medium in the Fabry-Perot cavity, d0 is the Fabry-Perot mirror spacing, 9, is the angle between the ray and the optic axis, and F 1I(sin2(it/2NE) where NE is the effective fmesse. The image of a monochromatic extended source located in the object plane consists of a series of concentric rings, such as shown in figure 3 .
The Fabry-Perot interferometer has been used for analysis ofRayleigh scattering in both long range atmospheric measurements and in ground based flow test facilities. Used in a scanning mode, it gives a time average measurement of the spectrum at a point. Or, used in an imaging mode, it is capable ofmeasuring the instantaneous spectrum ofa single pulse. Another related technique, called the Edge Technique'8, uses the central fringe of a Fabry-Perot as a frequency discriminator.
The Fabry-Perot used in the static, imaging mode takes advantage ofthe angular sensitivity ofthe transmission to achieve frequency resolution. In this method a region ofthe flow illuminated with the laser light is imaged through the Fabry-Perot onto an array detector. As shown by equation 3, the fringe location is radially shifted by an amount related to the frequency shift ofthe scattered light The spectrum is only measured on the interference fringes and thus gives a spatial average over the part ofthe fringe being analyzed. However, with several fringes in the field ofview, measurements can be obtained at a large number locations. This imaging method is the basis for the technique described in this paper.
A major difficulty occurs ifa significant amount ofstray laser light reaches the collecting optics. The Fabry-Perot interferometer used in a single pass mode with typical values of fmesse does not have a high degree of selectivity. That is, a strong, single frequency source will dominate a weaker source even if its frequency is not close to the frequency ofthe strong source. The system described in this paper solves the problem of stray laser light by using an iodine absorption filter as a prefilter to the Fabry-Perot interferometer. The frequency ofthe 532 nm YAG line was set to be within an absorption line so light at the laser frequency is blocked while some or all ofthe frequency shifted Rayleigh scattered light is passed through to the Fabry-Perot.
Model ofRayleigh spectral measurements using Fabry-Perot and iodine absorption cell
Consider a laser beam of energy E0 that illuminates a region in the object plane. The expected number of detected photons for the qth pixel (with area M) can be written
where AR the total amount ofRayleigh scattering that would be detected by the qth pixel ifthe Fabry-Perot interferometer and iodine absorption cell were not present. Likewise, Awrepresents the unshifted laser light scattered from windows and walls at the laser frequencyf=cA0. The spectrum ofthe Rayleigh scattered light is SR(J ), J(fer) S the Fabry-Perot instrument function (eq. 3) and 112(J) is the transmission function ofthe iodine cell. Broadband background light, detector dark current, and readout noise are represented by Bq. The integration over the solid angle is necessary to account for the range of K vectors over the light collection aperture. For small solid collection angles or low velocities, this effect can be neglected and the integration over can be eliminated. The above model is for direct imaging onto the CCD array. However, for a camera with a microchannel plate intensifier, the effective spatial resolution is larger than a single pixel. For our camera, the point spread function (FWHM) is about two pixels. This is incorporated into the model function using a 2D fast Fourier transform to implement the convolution.
Filtered Rayleigh spectrum
The effect of an iodine absorption cell on the Rayleigh scattering spectrum is illustrated in figure 4 . The iodine filter transmission was calculated using a code provided by J. Forkey'9'20. The cell length is 200 mm, the iodine vapor pressure is 0.46 ton, and the cell temperature is 328 K. The scattering angle is 90°. For simplicity, the Gaussian form of the Rayleigh spectrum was used. The flow is antiparallel to the incident laser beam, so the Rayleigh scattered light is shifted to higher frequencies relative to the laser frequency. For the f73.6 collection aperture and relatively low velocities ('Mach 1.5), aperture broadening is minimal and has been neglected. (For the typical conditions in this work, aperture broadening causes an apparent increase in the temperature ofless than 2 %.)
For a laser frequency close to the filter edge, with a sufficiently high Mach number flow, the Rayleigh scattered light is completely shifted out ofthe absorption band, and the filtered spectrum is only slightly altered. In this situation, a least squares fit ofthe recorded image to the model given by equation 4 should give good estimates ofboth the mean velocity and the static temperature. However, ifthe laser frequency is not close to the filter edge or ifthe Mach number is relatively low (as was the case with the measurements described in this paper where the Mach number was -1.5), the velocity and temperature parameters are not independent. In addition to the true fit, a reasonably good fit can also be obtained with a range ofhigher velocities and lower temperatures. For example, figure 4b shows the filtered spectrum for a higher velocity and lower temperature than shown in figure 4a (534 m/sec vs. 403 rn/sec and 178 K vs. 200 K). The filtered spectra for these two cases are seen to be similar. The best situation is to have the laser frequency as close to the absorption band edge as possible while maintaining sufficient attenuation oflight at the laser frequency (as shown in fig. 4c ). In the work presented here we used an additional constraint by assuming that the flow was adiabatic, so the total temperature was conserved. This is a reasonable assumption since no appreciable heat exchange occurred downstream ofthe stagnation chamber. This fixed the static temperature for a given velocity and avoided the indeterminacy in the velocity and temperature parameters.
EXPERIMENT
Supersonic wind tunnel description
The modernized version ofthe nearly 50 year old facility provides ambient or heated, conditioned, filtered, continuous flow to a 3.81 in. x 10 in. test section nearly 8 feet long ( fig. 5) . The air supply to the tunnel was filtered to remove particulates with diameters larger than 0.2 pam. The inlet pressure could be varied up to a maximum of 35 psia. The tunnel exit pressure could be adjusted down to about 2 psia with mass flows less than 12 ibm/sec. Side walls are equipped to provide compartmentalized boundary layer bleed in the throat region ofthe Mach 2.0 nozzle blocks, while providing 12 in. by 47 in. optical access. Compartmentalized roofand floor modules immediately downstream ofthe nozzle blocks allow control of boundary layer thickness and/or angular adjustment of oblique shocks emanating from the nozzle exit. In addition, the figure reveals just a portion ofthe 50 throttle/adjustment valves for precise boundary layer bleed and/or injection control. Static pressure tap instrumentation exists every 0.5 inches midspan on these bleed modules. Likewise, numerous static taps exist in all other aluminum roofand floor segments ofthe SWT and/or its sidewalls. Also shown is the Mach 2.0 test rhombus, starting just forward ofthe 47 inch window near the three 1 .5 in. diameter instrumentation ports ( by the designated flow direction arrow). The instrumentation ports shown in the figure allowed the insertion of a 400 wedge probe or a dual total static probe into the developing or developed supersonic flow at 6.2 inches forward ofthe nozzle exit on SWT centerline and/or 2.5 inches above/below SWT centerline. Also, about 8 inches downstream ofthe nozzle exit is an insertible dual totalstatic probe to measure downstream Mach numbers ofthe developing test rhombus. The measured pressures are part of a 186 channel electronically sensed pressure system with an accuracy of±O.033 psi (± 228 Pa). The Rayleigh scattering measurement region is about 2 in. downstream ofthe Mach 2.0 nozzle exit and 2.5 in. above the SWT floor. Optical access exists in the tunnel roof at the second throat for laser beam entrance.
Optical setup
The beam from an injection seeded, frequency doubled, Nd:YAG laser with 0.9 J pulse energy and 10 Hz pulse rate was focused with a pair oflenses (-200 mm and +200 mm focal lengths) into the wind tunnel through a window located in the top ofthe tunnel just forward ofthe second throat (figs. 5&6). A mirror located near the tunnel floor then reflected the beam upstream through the nozzle. The beam diameter at the measurement location was about 100 .tm. Rayleigh scattered light was collected at an 88.9° scattering angle through the tunnel sidewall window and collimated with lens a 250 mm focal length lens. The collimated light then passed through the iodine absorption cell (fused silica, 70 mm dia., 200 mm long). The cell has separate temperature controllers for the sidearm (to set the iodine vapor pressure) and for the cell body. After passing through the iodine cell, the light passes through an uncoated pellicle beamsplitter and the Fabry-Perot interferometer. A commercially available Fabry-Perot interferometer was used. The mirrors (70 mm diameter, ?J200 flatness, and 90% reflectivity) were set at a 14.96 mm spacing for the measurements reported here, which corresponded to free spectral range (FSR) of about 10 GHz. The light emerging from the Fabry-Perot was focused onto the detector (multichannel plate intensified, cooled CCD array with 576x38423 jim square pixels) by a 300 mm focal length 35 mm camera lens with 1.4X teleconverter (giving an effective focal length of420 mm). This gives a field ofview in the flow of 8.8 x 13.2 mm. The images were digitized with a 14 bit AID converter and transferred to a laboratory computer for storage and analysis.
The following scheme was used to provide a YAG image ofunshifted light and a measure ofthe absolute YAG frequency. The YAG image was needed to evaluate the FabryPerot interferometer phase and fmesse for the unshifted light; the change between this phase and the phase ofthe Rayleigh scattered light is proportional to the velocity. A beamsplitter was used to direct a small amount oflight from the YAG laser into an optical fiber; the fiber output was directed onto an opal glass diffuser. Light from a frequency stabilized helium-neon laser (633 nm, frequency stability equal 3 Mhz over 8 hr) was focused into a second optical fiber, and its output was directed onto the diffuser. A 135 mm focal length camera lens collimated the light from the diffuser, which was directed into the Fabry-Perot via the pellicle beamsplitter. Note that this light did not pass through the iodine cell. Finally, a 0.76 mm diameter wire was placed in the focal plane ofthe 135 mm lens. This served to block unshifted YAG and HeNe laser light in the reference path from a horizontal strip in the CCD image; the blocked area comprised about 30 % ofthe total number ofrows ofpixels. The camera was operated in a gated mode with an exposure time ofO.08 sec. This enabled an adequate exposure ofthe HeNe light as well as light from a single YAG pulse. The test cell lights were turned offto limit ambient background light. Figure 8a shows a typical image with the Rayleigh scattered light (filtered through the iodine cell) in the central region and the YAG and HeNe reference light in the upper and lower parts ofthe image. Note that the HeNe fringes are wider than the YAG reference fringes because the interferometer fmesse at 633 nm was less than the finesse at 532nm. For this case the YAG frequency was 18788.456 cm'.
The entire optical setup (with the exception ofthe optics used to direct in the laser beam into the tunnel) was mounted on a aluminum optical breadboard, which was enclosed in a box covered with noise suppression material to minimize acoustically induced vibrations. Even though the acoustic noise level was reduced about 10 dB, the suppression was not adequate for all flow conditions as discussed below.
The frequency ofthe Nd:YAG laser was controlled with an analog voltage supplied to the injection seed laser. To detennine the absolute YAG frequency, the input voltage to the injection seed laser was varied in discrete steps, with images of YAG light and the HeNe light recorded at each step. Some YAG light was also passed through the iodine cell and its transmission was measured. The two sets offringes on each ofthe images were then analyzed to obtain the YAG frequency relative to the HeNe frequency over one FabryPerot order. An iodine absorption code supplied by J. Forkey was then compared with the measured absorption spectrum to determine the absolute YAG frequencies. The 18788.45 cm' line was selected for this work because of the relatively sharp edge on the high frequency side, as well as its not having another close adjacent line on the high frequency side.
Experimental procedure
Because the Rayleigh scattering measurement system occupies the space adjacent to the SWT's test rhombus, simultaneous visualization ofthe flowfield was not possible. Flow conditions were usually established on a previous test day. Shadowgraph images were acquired with a NTSC, 646 x 486 pixel, blackand-white CCD camera. Most images were then enhanced, improving sharpness and brightness. Corresponding with flow visualization data all sensor and control data pressures, temperatures, valve settings, with specific parameters/calculations of Mach number, density, Reynolds number, mass flow rate, etc. are acquired by Lewis's Escort D central data acquisition system. Plenum pressure P7, static pressure P8 were measured 0.5 in. (1.3 cm) downstream ofnozzle exit, Mach number Mn3 located 8 in. (20 cm) downstream of the nozzle exit would be later precisely matched when taking the Rayleigh scattering data at a later time. The shadowgraph carriage was also positioned farther downstream to view the Mn3 probe location. The Mn3 probe was usually limited to a 2.0 in. insertion into the aft portion ofthe rhombus so that test conditions would be easily duplicated. Refer to figure 5 foran isometric representation at maximum flow conditions. The intrusiveness ofthe Mn3 probe is minimized by its 0.25 in. by 0.125 in. diamond shape sting being only inserted 2.0 in. into the flow. A second pitot-static probe was positioned on the diamondshaped sting, giving a Mach number well upstream ofthe Rayleigh scattering measurement volume. The Mach number was typically 1 .8 when using this probe in the beginning portion ofthe test rhombus ( fig. 7) . These probes provided a means to compare the Rayleigh scattering data to a standard measurement approach. However, their locations far from the Rayleigh scattering measurement volume prevented a direct comparison. SP1E Vol. 2546 / 7
After the flow condition was set, about ten images were taken, each with a single YAG pulse. The frequency ofthe YAG was adjusted to be close to the high frequency edge ofthe 18788.45 cm' iodine absorption line. The cold fmger of the iodine cell was set to 300 C (vapor pressure =0.46 T), and the cell body temperature was set to 55°C. The temperature of the stopcock on the iodine cell (which had the lowest temperature except for the iodine reservoir) was monitored to ensure that it remained higher the cold fmger temperature.
Dataprocessing
The data reduction procedure was as follows. The first step was to analyze the upper and lower regions to determine both the FabryPerot interferometer phase and the frequency of the unshifted Nd:YAG light. (The measured fmesse includes the effect ofthe fmite linewidth ofthe Nd:YAG laser.) This was done by using a least-squares fit ofthe image to a model function that included both HeNe and YAG fringes. For example, figure 8b shows the locations ofthe first two fringes for both lasers for the image shown in figure 8a . A number of subregions in the recorded image were then defmed on the fringes in the central horizontal strip. For this work we only used four subregions located on the inner two fringes (a typical set of subregions is shown in figure 8c ). The image ofthe Rayleigh scattered light (filtered by the iodine cell) was analyzed using a nonlinear least-squares fit. The model function (eq. 4 plus a convolution of a 2D Gaussian function to account for the MCP image broadening) was evaluated at 9 points in each pixel for the numerical integration over the area of each pixel. A 50x50 pixel subregion (equal to about a 0.64 mm square) was used for the inner fringe, and a 35x35 pixel subregion (equal to about a 0.45 mm square) was used for the second fringe. The larger subregion size was needed for the inner fringe because the fringe width increases with decreasing fringe radii. As discussed above, the constraint of fixed total temperature was imposed. Therefore these results do not include an independent measurement of static temperature, as would be possible for higher Mach number flows. As a result ofthe extensive calculations required for the full evaluation ofthe model function for the iterative fitting procedure, the processing time is quite long-about 7 minutes on a 90 MHz Pentium PC for a 35x35 pixel subregion. The result ofthis procedure is a value for the velocity component and the gas temperature at each subregion. It should be noted that velocity and temperature data are only obtained for subregions located on the fringes; no data are obtained in the regions between fringes. To achieve more complete coverage, additional images can be obtained at different Fabry-Perot mirror spacings, which give fringes at different radii. (But then the data are not all obtained simultaneously.) In any case, the results obtained with this procedure for each subregion represent average values of velocity and temperature over the subregion. The flow direction was assumed to be along the tunnel axis for the purpose of converting the measured velocity component (which is along K) to the velocity magnitude. The y parameter was about 0.5, so the Tenti S6 model for the Rayleigh spectrum was used.
RESULTS
For the Rayleigh scattering data presented, an intrusive flow measurement was made using a 400 included angle wedge probe installed mid span on SWT centerline (see fig. 7 ). This probe was installed at the instrumentation port 6.2 in forward of the nozzle exit and indicated a Mach number of 1.95 -2.04 for mass flows ranging between 1 1 to 28 ibm/sec. See visualization images 1323_1298 (13 lbm/sec) and 1326_1300 (16 lbm/sec) for typical low mass flow tunnel conditions where Rayleigh scattering data (located on bullseye) were obtained. The bow shock ofthe wedge probe interacts with the boundary layer to significantly disturb the flow and preclude the accurate measurement ofthe true flow conditions in this small area SWT. Deeper immersion into the flow creates a sting effect and creates a higher indicated Mach number than the true value. For example, the wedge probe indicated a 0.2 higher Mach number than the less intrusive dual static probe at these forward positions. The reference shadowgraph image 918 was taken at indicated Mach numbers of 1 .78 at Mn2 and 1.43 at Mn3. Repositioning the 400 wedge probe 6.2 inches forward ofthe nozzle exit and 2.5 in. above the SWT centerline reveals the lower bow shock and the shock emanating from the wedge lower shoulder as well as a developed normal shock train, see figure 7 image 1315_1308 at 23 lbmlsec. No Rayleigh scattering data were obtained for this condition. The total temperature indicatedjust forward ofthe bow shock ofthe wedge probes measured 8.3 to 13.9 K higher than the static temperature measured via T8, which was installed (0.05 in. into boundary layer) inside the nozzle. The T8 measured temperature was used in all Mn3 density, massflow and Reynold's number calculations even though Mn3 was located 14 inches downstream of T8. Calculations of similar flow quantities from wedge probe data used temperature measurements obtained from the wedge probe. The non-centralized locations (upstream and downstream of the Rayleigh measurement station) of the temperature measurements introduced a significant amount of uncertainty in the computed flow conditions. Results are shown for two flow conditions described in the table. The Rayleigh scattering measurements were made 50 mm downstream ofthe nozzle exit and 64 mm above the tunnel floor. The first, designated as IWO 1298, was at the same flow condition as shown in the shadowgraph ( fig. 7, 13231298) . The Rayleigh scattering measurement location for this case was just downstream ofthe apparent normal shock. The second condition, designated as RDG 1300 (shadowgraph 1326_1300 on fig. 7 ) , had the measurement region locatedjust upstream ofthe shock. However, because the shadowgraphs were taken on a different day than the Rayleigh data, some uncertainty exists in the exact location ofthe shock train relative to the measurement volume. The velocities obtained for individual laser pulses are shown in figure 9 for figure 7 and the pitot-static pressure data taken upstream and downstream ofthe Rayleigh scattering measurement location. As mentioned earlier, there is a fair degree ofuncertainty associated with the exact locations of the shock train imaged in figure 7 . The relatively large standard deviation in the instantaneous velocities are caused by flow variations and measurement errors. Assuming that the variation is due only to measurement error means that the Rayleigh velocity measurement uncertainty is about 10 %.
As discussed above, the temperatures shown are not based on an independent detennination from the Rayleigh data, but are based on the assumption of adiabatic flow. The intensity ofthe Rayleigh scattered light was determined for each measurement, but the calibration needed to obtain an absolute density value was not done. Finally, figure 10 show the detected intensity ofunshifted YAG light due to stray scattering in the tunnel filtered with the iodine cell as a function of the measured YAG frequency. These data include all the images obtained on one test day (notjust the two sets used in fig. 9 ). As seen here, the YAG frequency ranged over both the absorbing and the transmitting portions ofthe spectrum. But the frequencies for RDG 1298 and RDG 1300 images werejust inside the cutoff frequency.
Several problems occurred in this study, which prevented obtaining Rayleigh data for all flow conditions . One problem was the high level ofvibration ofthe tunnel itself, particularly at the higher mass flows. The resulting vibration ofthe beam directing mirror mounted on the tunnel floor caused the YAG beam direction to vary. The beam location in the image thus varied on a pulse-to-pulse basis. Another problem was the vibration ofthe Fabiy-Perot interferometer, probably caused by the high acoustic noise levels in the test cell near the tunnel (about 103 dB). This resulted in an inability to adjust the FabryPerot to its maximum fmesse for the high mass flows.
CONCLUDING REMARKS
Even using the least intrusively designed physical probes to measure supersonic flow in small/narrow supersonic wind tunnels can be highly disruptive. Any probe extended beyond the boundary layer affects the upstream and downstream flow field. However, for this study, use of intrusive probes were supportive as a crude means to establish the feasibility of the nonintrusive Rayleigh Scattering technique. Rather than a two-dimensional pass-through diagnostic tool which only provides average data on velocity, direction, and/or temperature ofthe ever changing dynamic flowfield, Rayleigh scattering measurements can provide simultaneous, instantaneous measurements at a number oflocations in the flow field.
Several conclusions may be drawn from this study. First is that a molecular absorption cell is a highly effective means to eliminate the effect of stray laser light, even for confmed flows such as the supersonic wind tunnel used for this work. The intensity ofthe Rayleigh scattering was strong enough to enable measurements with a single laser pulse. Use of an absorption cell, however, means that the laser frequency must be controlled and accurately measured to enable correct modeling for processing the Rayleigh scattering data. The technique employed in this study for measuring the laser frequency (use of a frequency stabilized HeNe laser and Fabry-Perot interferometer) performed well, but required post The use ofthe iodine absorption cell with the relatively low Mach numbers in this study required the assumption of adiabatic flow to avoid indeterminacy between the velocity and temperature in the data reduction. With high Mach number flows, the problem would not occur and velocity and temperature could be independently determined.
The test cell environment created a number of difficulties. Even though the optical system was located in an acoustic enclosure, the noise level at high mass flow caused intolerable vibration ofthe Fabry-Perot interferometer, and possibly of the Nd:YAG laser. Application ofthis technique must provide a stable environment for the vibration sensitive components including the laser and Fabry-Perot interferometer.
One feature not included in the present system that would enhance its usefulness would be a positioning system for the Rayleigh measurement region. Another very desirable addition would be automatic control ofthe Fabry-Perot alignment. The present procedure involves manual adjustment ofthe Fabry-Perot to maintain alignment, which takes time during the test and requires a skilled operator. Use of artificial neural nets may benefit this effort eventually. Finally, additional work needs to be done to provide on-line data reduction, with processing times on the order of a few seconds.
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